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By William Lewis, U,S. Weather Bureau^ 


SUMMARY 

Data from flight measurements of the meteorological factors 
related to the intensity of icing conditions are presented. Tho 
physical factors that establish the distribution of liquid water in 
clouds of various types are discussed and the results of the analysis 
are used to formulate certain rules for the foi-ecasting of icing 
intensity. The problems of determining the range of values of the 
significant factors defining icing intensity for the ijurpose of the 
design of Ice—protection equipment are discussed and tentative values 
are given. 


INTRODUCTION 

Over a period of several years, the NACA has conducted research 
on the prevention of ice formations on aircraft through the use of 
heat. Satisfactory wing, tail— surface, and windshield thermal ice- 
prevention systems were designed, fabricated, and tested in nativral 
icing conditions for the Locl^eed 12-A, Consolidated B-24, Boeing B— I 7 , 
and Curtlss-4Jright C-J|-6 airplanes, (See references 1, 2, 2 * 
respectively.) Each design was based on establishing, for clear-air 
conditions, a surface temperature rise which experience had shown to 


iThis report was prepared by Mr. Lewis in collaboration with the 
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"bo adoq-aato for ice prevention in simulated and natural icing 
conditions. 

Tho IIACA at present is engaged in an investigation to provide 
a fundamental understanding of tho process of thenaa.1 xco— prevention 
in order (i) to. establish a basis for the oxtrapolatJ on of present 
limited test data to higher speeds and various shapos^ (2) to 
provide data foi- iB^Droving ti:a officioncy of thermal .Ico— prevention 
equipment, and (3) to provide a wot— air or motoorolog.i.c'5l basis for 
the preparation of design specifications for' thora.al ia.x— pr.xvontion 
equipment. Tno research consists of an invoatigation of tho meteor- 
ological factors conducive to icing, and a stvidy of tlvj heat— transfer 
processes which govern t!io opera ti on of thermal ice— prevention 
equipment for airfoils and foi- windshield configurations. 

Tlio meteorological phase of this investigation consists of tho 
doveloijmont of instxn-’ments roquire-d for t’no ovrilus.tion of tho ci-itica.! 
factors responsible for ico formation, and the actual measurement of 
those facr,.jr3 during flight in icinc.: ounditiono. Those moasur’c— 
ments wall fu.rniah d.ato. o.Jta'olisMng, for- tiio pertinent meteor- 
ological varlabloo, the a-ange of values commonly oncounterod in 
icing conditions. . Tnese data are r-oquired as a basis for the 
definition of t3io physical char.?ctoristics of the ms.xim’om icing 
condition, for which ice— prevention equipment will be expected to 
provide -adequate protection. As a rosvilt of this investigation, 
semo progress is also being made toward, a soTatlon of the problems 
associated with tho forecasting of icing conditicno. 

Previous results of this research program have been presented 
in references 5j ‘h, and 7. Scferc’ice 5 describes ihe first measure- 
ments in this investigation of the free water content of clouds. 

Those wero made by too dew-point method. Boforenccs 6 .end 7 doal 
with tho motoorplogical aspects’ of ioing conditions fn stratus 
clouds' a.na. in precipitati on areas of the warm— f'font tyco. 

Sosoarch on the motocrologlcal aspects of icing also hs.s boon 
conducted by vae-ious othor agoncios. Hofox’onco 8 presents "thG 
rosiilts of rocoai'ch in tho development of thoi'mal do— icing 
sponsored by the Air Materiel Command of the Axmy A.ir Porces. 

The Mount Washington Observatory, K. E., has been engaged for a 
number of years in a 'program of regular observations of icing 
conditions. 'Tlio rocalts of those obsorva.tions and various 
articles and comments on icing measurement and i'clated topics 
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are published monthj.y by the Observatory . The basic problems of 
cloud structure ^ which are fundamental to an understanding of 
the meteorological aspects of icing conditions were treated in 
a series of excellent papers by W. Findciaon which appeared in 
the Meteorologishe Zeitschrift in 1937j 1938, and 1939* Reference 9 
is a translation of one of these papers which deals espGcia.lly 
with the meteorology of icing conditions. Reference 10 contains 
a thorough discussion of the mechanism of condensation in the 
atmosphere, a subject of primary impoi’ta.ncc in the study of icing 
conditions . 

In continuation of this work, the C— 46 airplane was equipped 
with special meteorological and electrically heated test apparatus, 
and flown in na.tm’al— icing conditions during the winter of 
1945—46. Flight tests wore conducted mainly along airline routes 
between the cities of Sa.n Francisco, Calif., Portland, Oreg., 
and Denver, Colo. 

The purpose of this report is to present the meteorological 
results of the 1945—46 winter operations. The methods of observa- 
tion and results obtained are presented first followed by a discus- 
sion of the progress made thus far toward a solution of the two 
major meteorological problems relating to icing conditions; namely, 
the problem of forecasting the intensity of icing conditions and 
the problem of defining the phj'sical chara,cteristics of the 
maximum icing conditions for which ice— prevention equipment will 
be expected to provide adequate protection. 

Appreciation is extended to the Aivny Air Forces, the TJ.S. 
Weather Buros,u, a.nd United Air Linos, Inc. for their active 
cooperation in the i'esearch program. In particular, the services 
of United Air Linos. Captain Carl M, Christenson, who served as 
pilot of the test airplane, contributed, materially to the 
investigation. 


APPARATUS AND METHOD 

In the investigation of the physical properties of icing 
conditions it is desirable to measure the following quantities: 

(l) free-air temperature, (2) liquid water content, (3) avo3cago 
drop diameter, (4) distribution of drop diameters, and ( 5 ) concentre.- 
tion of ice particles. Completely satisfactory methods of measuring 
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these quentities have not 7et been developed. Sufficient progress 
has been 3nade, hovover^ to yield results which are verj' useful in 
the inetoorologlcoJL analysis of i.cing conditions. Ihe methods used 
to measure tlie various quantities are described in the following 
paragraph s . 


Free— Air Temperature 

Free— e.ir temperature was measured by means of a copper— 
constantan thermocouple connected to a mill i voltmeter. The exposed 
Junction of the thermocouple was baffled to prevent ice formation 
on the junction and shielded to protect against radiation errors. 

The installation on the airplane is shown in figure 1. The thermom- 
eter vras subject to kinetic hoating due to the speed of tlie airplane . 
A discussion of the corroctions applied to the observed tomporaturo 
measurements to obtain the true toraperature of the undisturbed air 
will be found in the appendix of this repor-t. 


Liq\iid Water Content 

The rotating— cylinder method of moasiiring liquid water content 
is gonei'ally regerded as being the most accui’ato and dopondablo 
procedure thus far developed. (See reference 8.) A full discus- 
sion of this motbod ia given in reference 11. Most of 'the rotating— 
cylinder observations reported heroin were made with tlie manually 
rotated a-ssembly^ consisting of two cylinders l/8 and 1 inch in 
diameter, sho^m. in fjgure 2. Shortly boforo the end of the investi- 
gation, tho mechanically rotated assembly shown in figure 3 was 
installed. TJris apparatus consisted of four cylinders l/8, 1/2, 
l~l/4, and 3 inches in diameter. A. discussion of the accuiracy of 
the water— content da.ta obtained by tho rotating— cylinder technique 
is included in the appendix. 


Drop Size and Drop-Size Distribution 

Tile quantities involving drop size which are of most importance 
in the study of icing condition are the "mean— effective diameter," 
the maximum diameter, and the approxima.tc volume distribution of 
dlametor. The moan— offectivo diameter, which is approxima.toly the 
average diameter, obtainod by weigliting the dr'oijs according to their 
volume, and the volume distribution of diameter are defined in the 
discussion of tho rotating— cjrlinder mothod appearing in the appendix. 
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liotating-cy lin dor raotho d.— Tlrio rotating-cylinder equipment 
described above in connection with the moas’areraont of wa.ter content 
provides da.ta. also on mean-effective diameter and droxo— size distri- 
bution. The two— cylinder data furnish values of moan— ciffectivo 
drop diameter when certain assumptions concerning the size distri- 
bution are made. The four— cylinder data give some information on 
size distribution as well as mean— effective diameter. A fviTther 
discussion of the rotating-cylinder method and an estimate of the 
accuracy of the results is included in the appendix. The methods 
of calculation are presented in reference 11. 

Area of catch method .— The diameters of the largest drops 
present in significant quantity wore determined from the width of 
the area of impingement of drops on a l.-inch nonrotating cylinder 
which is shown in figure ^-t-. Tlris cylinder was covered with bliie— 
print paper and exposed briefly with its axis at right angles to 
the air strocin. The methods of using the device and calculating 
the maximum diameter from tho area of impingoment wore as described 
in reference 6 , except that the data presented herein wore calculated 
from the theoretical data presented in roforenco 11. 

Concentration of Ice Particles 

Satisfactory moa. 3 uroments of the ice crystal content of the 
air haVG not been made. This quantity has a. negligible effect 
upon the rate of ice formation on unhoatod surfaces but may bo of 
importanco in determining the hoat transfer from boated surfaces. 


RESULTS 

Tho significant characteristics of the various icing conditions 
encountered during tho winter are summarized in table I. Each ontry 
reprosonts a woathor situation which was fairly homogonoous as a 
whole although the minute-by-minute record may have indicated wide 
variations. For example, icing condition 19, tabic I, includes 
all data obtained during fli(^t 33, although the flight was 
conducted in and out of scattered cumulus and cumulonimbus clouds in 
which the conditions wore highly variable. Tho average water content 
shown is tho unweighted mean of the Individual measurements and, of 
course, does not include the time during which the airplane was 
flying in cloar air between the clouds. Minimum values of water 
content wore not included, since no a.ttompt was made to measure the 
lowest values encountered. The maximum and minimum of altitude and 
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■tGraparature given in "the talDle ano t-ho oxtneraos encouniiored during 
the corresponding tL^io intervals. Data, are included in table I for 
nearly all the eperations in cloiids or precipitation, a-lthougri in 
sono cases little or no icing wa.s experienced. In the case of 
f*light 38, icing condition 24 represents conditions encountered in 
clouds composed predominately of water drops, while icing condition 
25 represents conditions in clouds containing mostly ice crystals. 
These conditions both cover the same time interval, since both kinds 
of clouds were encountered from tirnie to tiiiie throu^iout the period. 

With the exception of icing conditions 1 to 4, inclusive, the 
values of liquid wa.tor content and drop size listed in table I were 
obtained by the rotating-cylindor method. In icing conditions 1 to 4 
the liquid T,m.tor calculations were based on photographs of the 
formations of ice collected on a stationary rod O.5 centimeter in 
diameter, which ■v/as exposed in the air stream for periods of 1 minute 

A total of 232 observations of liquid whtor content and mean- 
effective drop diameter wore made by the rotating—cylinder method 
during icing conditions 5 to 42, inclusive. As those are the most 
reliahlo meas^oremonts available from tJiis investiga„tion, they have 
been used a.s mie ba.sis for a study of the rola.ticn of icing condi — 
tions to cloud forms. For the purpose of this study, cloud forms 
have boon divided into two goneral tj--pos: "layer clouds" and 

cumulus clouds," as defined horoinsfter. The pairs of correspond- 
ing values of liquid water content and moan-effective drop diameter 
have been divided into four groups corresponding to the following 
conditions: (l) la3''or clouds without ice particles, (2) layer clouds 
with ICO particles, (3) cuanulus clouds without ico particlos, and 
(4) cumulus clouds with ice particles. Tliese data have boon plotted 
in several wa,ys in order to study any rolationships which ma;;' exist 
between the various quantities 

In figure J5, values of liquid ■vn.tor content have been plotted 
against moan-offoctivo drop diameter; figures 6 a.nd 7 present liquid 
water content and drop size versus pressure altitude; and figure 8 
and 9 ohow liquid vra..ter content and drop size versus tempera. turo ., 

Comments on tho Data in Ta.blc I 

Icing conditions 2 a.nd y, ta.ble I, which wore observed on the 
same day over the same area, illustrate tho effect of tho change of 
air— mass characteristics o.nd flew patterns accompanying tho passn.ge 
of a cold front. Tho oxtonsivo prefrontal cloud formation of icing 
condition 2 wa.s composed almost entirely of ice particlos and 
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produced only s, "tmcG of icings while tho scc-tt/ored cumulus clouds 
in the unotaule postfrontcl air mass of icing condition 3^ contained 
as iiiuch a.s 1.4 grains of licjuid water pei” cutic’inetor whicn caused 
very rapid icfi formation. 

Icing contions 26 a.nd 31, which occurred in upslope stratus 
clouds over southoim ’fyoming, are examples of cont?.nucu3 icing 
conditions covering a largo area, in which flight oi considera.hle 
dura.tion night he required. The liquid vm.tor content in these 
conditions avora.ged ahout 0.3 and 0.4 gram per cuoic meter, respec- 
tively, during a. period of over 2 hours in each case . 

Icing condition 28 is notowerthy because of the higli altitude 
and low tonpera.turo . The greatest liquid wa.ter content nea.surod 
on this flight w.s 3..1 grams per cubic meter, which occurred a.o a 
pressure altitude of 1?,000 feet and a tomporoturo of -3 F. Low- 
tenporaturc icin.s conditions of this kind give rise to ^ the most 
serious icing of propellers, since the effect of kinetic hOsOting is 
insufficient to provent the formation of ice, even at the high 
speed of the blade tips. Severe propeller ice \ras also observod ^ 
in icing condition 11, during wiiich the liquid water cc;itcnt reaciicd 
0.5 gran per cubic meter at a tempera ti’re cf -6 F. 

The largest value of mean—offoctivo drop diameter, 5*-- microns, 
wa.s measured in icing condition 34. Although the corresponding 
water content was quite low, 0,15 <^^410 laotor, this condi- 

tion caused servoro icing on tho C— 46 windshield, which, bocausc 
of its flush configuration, is not susceptible to icing except 
when largo drops are present. 


Tile highest value of liquid water content encountered during 
the season was moasurod in icing condition 39> This occurred 
in a large cumulus congestus cloud just as the transformation to 
cuiaulonaxibus began. The rapidly cha.nging conditions observed in 
this cloud arc sliow’i in table II and discussed in detail later in 
this report. 


Tlie Clr..ssifica.tion of Icing Clouds 

An examination of the data in table I reveals that all the 
icing conditions with values cf liquid water content of O..0 gram 
per cubic meter or more occurred in curxalus clouds. For th^s^ 
reason it is convenient in the study of icing conditions to divide 
cloud forms iiito two general classes. 
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Lnycr clouds .- Strc.tuL;^ 3tratocuznulu3^ a.nd altoc^jjaulus licvo 
T^een grouped togothor since they cro all iDhuited in vertical extent. 

At tempera turos below freezing, ccntinucus cloud layorc cemposod of 
liquid drops are rarely more than 20C0 to 3^*^^ foot toick. 
Altostratua and nimoostratus have also been included as layer clouds . 
Aithouj^ altostratuB arc sometimes several thousand foot in vertical 
extent, they arc genorally, during winter, composed almost entirely 
of ice cryfjtals except for occasiciial thin layers and small patches 
containing water drops . 

CuTiiulus c louds.— Cumulus humil?.s, cumulus congestus, cumulonimbus, 
and altocumulus castollctus are included in this catagory. Clouds 
of this type are formed by the ascent of Individual parcels of air 
rolativo to tho air mass as a whole- Tlioy frequiently greatly exceed 
the layer— t;vT)c clouds in vertical extent. Tlie individual cloud 
masses are generally rather Irani te*d in horizontal extent and comprise 
only a minor fraction of tho total air mass. 


DISCUSSION 

Tho Problem of Forecasting Icing Conditions 

In the discussion which follows of the problem of forecasting 
icing conditions, this particular problem will be defined in relation 
to the general problem of weather forecasting. Weather Bureau 
definitions now in use of degrees of icing intensity will then be 
interpreted in toms of the fundamental physical quantities, liquid 
water content, and, drop diameter, and not in terms of tlie accumulo.tion 
of ice on aircraft, inasmuch, as ice accumulations would vexy widely 
for identical icing conditions, being dependent upon the type of 
aircraft and the natiiro of tlie ice— protection equipment. The factors 
determining tho liquid water content of clouds will bo considered 
next, followed by an examination of tho problems relating to drop 
size . The results of theory and observa.tion will then he summarized 
in the foriii of a series of tenta.tive rules for estimating the 
intensity of icing conditions. 

Formulation of the problem .— ’n''-o problem of forecasting the 
occurrence and intensity of icing conditions is but a small part 
of the general problem of wea-ther forecasting. For several years, 
meteorological and air— transport organizations have reg'alarly 
prepared forecasts of weather condiuions including tho location, 
type, altitude, and extent of cloud masses and the occurrence and 
type of precipitation. The preparation of such forecasts is generally 
regarded as one of the most important problems of practical 
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ne^toorology and a great deal of effort has been and is being directed 
toward the mprovenent and rofinonent of the techniaues of fore- 
casting . . 

For the purposes of this discussion of the problor. of fore- 
casting icing intensity, it will be assvined that satisfactory fore- 
casts of the type, location, thicknoss, altitude and tonperoture of 
cloud Classes , and the occurrence and type of precipitation can bo 
luade. It is realized fully that this assumption is frequently not 
valid. It is made here in order to separate the problems peculiar 
to forecasting icing intensity from tlio general problem of weather 
forecasting. In other words, the problem to be treated hero is that 
of estimating the icing intensity to be expected within a cloud of 
Imown ty’pc, dimensions, and tonporaturo . If this can he done 
satisfactorily, a forecast of icing intensity can bo derived from 
any good foi-’ocast of weathor and cloud conditions. Moreover, i-egord— 
loss of whether satisfactory forecasts of cloud conditions can be 
made, reliable ostiisatos of the Icing intensity present in the 
currently observed and reported cloud conditions nay be of consider- 
able value . 


The definition of icing intensity — It is now generally recog- 
nized that the principal I'actors determining tlio intensity of a.n 
icing condition are the concentration of superdooled liquid water 
and the dicnotei* of the drops. In addition, when therroal methods 
of de-icing are considered, the air tomporature and the amount of 
snow in the .air have an important effect upon the heat roquii-oments. 
Icing intensities have boon defined by the U.S. Weather Bureau for 
ropoi-ts from mountain stations, in tenae of the rate of collection, 
at 200 .miles per hour on a 3~luch— dianotoi' circuloi' cylinder, 
expressed in grajss per houi- per square centimeter of projected area. 
(See ref erenoe 12 . ) . Hie def initions , are as follows: 


T?io.ce of ice 
Li^ ico 
Moderate ice 
Hea.vy ice 


0 to 1.0 gram per square centimeter hour 
l.C to 6.0 grams per’ square centimeter hour 

6.0 to 12.0 grai;is per square centimeter hour 

12.0 and over grams per square centimeter hour 


The values of collection efficiency of cylinders given in 
reference 13. have been used to express the foregoing definitions of 
icing intensity in tciTis of liquid water content and uniforr.i drop 
diajuotor at 10,000 foot pressure altitude and 15 ^ F. The results 
are shoim by the curves in figure' 5* Ihib effects of variations in 
pressure altituda and tc-mporature are S2iall and will bo neglected. 
It should bo noted that the curves defining, icing intensity are 
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based upon tlio assumption of uniform drop size, while the observa- 
tional data, indicated by tho plotted points in figure 5> expressed 
in terms of mean-effective diameter. An examination of the data 
presented in reference 11 for various distributions of drop diameter 
reveals that, for tho case of a 3— inch-diameter cylinder at 200 miles 
per hour and values of mean— effective drop diameter usually found in 
clouds, tho differences in catch efficiency due to variations in 
drop— size distribution are small. 

In the following discussion of the problem of estimating icing 
intensity, the factors determining tho concentration of liquid water 
in clouds will be considered first and then the effect of drop size 
will be examined. 

Water content of clouds composed entirely of liquid drops .— For 
the purpose of tho study of the liquid water content of clouds, it 
is convenient to divide liquid clouds into two general classes 
according to the processes of their formation, namely: (l) clouds 

formed by turbulence and convection in air that is generally in 
unstable or neutral equilibrium, and (2) clouds formed by the liftr- 
ting of largo stable air masses by convergence or orographic or 
frontal action. It should be noted that portions of stable air 
masses may occasionally become unstable due to lifting, thus giving 
rise to the production of clouds of class (1) by local convection 
and turbulence . 

The first class, which includes cumulus, stratocumulus and 
most types of altocumulus and stratus is characterized by approxi- 
mately moist adiabatic lapse rate and nearly constant ratio of air 
to total water (liquid plus vapor) within a single cloud mass or 
layer as long as no precipitation occirrs. The principles which 
determine the concentration of liquid water in clouds of this typo 
may best be illustrated by tho case of a simplo convective cumulus 
cloud. Consider a parcel of air which is lifted adiabatically from 
tho surface to an altitude of several thousand foot. For tho purpose 
of this discussion it will bo assumed that conditions in the air mass 
are suitable for the convection to take place. Suppose the mixing 
ratio at the surface is xt grams of water vapor per kilogram of dry 
air. When tho ascending parcel reaches tho temperature and pressure 
at which x-t is the sa.turation mixing ratio, condensation takes place. 
As long as the cloud is composed entirel5'’ of liquid drops, those are 
almost always so small that their velocity of fall is negligible 
compared to the turbulent motions in convective clouds. Hence the 
drops are carried along with the air parcel in which they originated, 
thereby keeping tho total water content, liquid plus vapor, per unit 
mass of air constant and equal to x-^, the initial mixing ratio. At 
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any point within the cloud mass •'Acre ■the saturation mixing ratio is 
Xg, the liquid 'v;atcr content \’i is given ty 

= (xt - Xg) p 

where p is the dry-e.ir density. If x-t, and Xs arc expressed in 
grams per kilogram and p is in kilograms per cuhic motor, \Ji is 
given in grams per cubic meter. 


An example of this type of cloud formation was observed in the 
vicinity of Cheyonne, Wyo., on Apr. 19^6 (icing condition 28, table I) 
when a. cimnfLus cloud which reached an altitude of 20,000 feet was 
investigated. Most of the cloud had turned to snow but one portion at 
about 17,000 feet pressure altitude was found to be composed almost 
entirely of liquid water. Measurements within this portion of the 
cloud indicated a liquid water content of 1.1 grams per cubic meter 
at a temperature of — 3*^ F. A comparison of the flight da'ta with the 
theory of adiabatic lifting indicated close agreement. In figure 10, 
the temperature— pressure curve from observations in clear air outside 
the cloud is sho'vm a.s a solid line. Tlie dotted line represents the 
probable history of the ascending parcel forming the cloud. The 
observation within the liquid portion of the cloud is ahevm as a 
circle. The surface dew point as reported from Cheyenne was 21° F, 
which corresponds to a mixing ratio of 3*0 grams per kilogram. The 
saturation mix'ing ra.tio (with respect to liquid ■water) at 17,000 
feet pressure, altitude and —3° F is 1.5 grams per kilogram and the 
air density is 0.72 kilogram per cubic meter. Using the equation' 
derived above, the liquid water content is 

-- (3.0 — 1.5) 0.72 = l.C8 grams per cubic meter 

This close agreement with the measured va.lue, though partly 
fortuitous, is a fairly good indication that the water content of 
that portion of the cloud had not been appreciably depleted by 
mixing or precipitation although the convection extended to a high 
altitude and very low temperature. 

The method Just described for calculating the liquid water 
content of cumiilus clo\ids may be applied also to stratus and strato— 
cumulus clouds when these are formed by active mixing within the 
surface turbulence layer, since such mixing tends to produce a 
condition of constant total water mixing ratio and adiabatic lapse 
rate. Clouds of this kind have been discussed in reference 6 which 
includes ctirves giving the liquid water content in terms of the 
cloud-ba.se temperat’.ire and the heigi't above the cloud base for clouds 
formed a.dia.batically by convection or turbulence. Observations m.ade 
during the 19^5~^>-6 season indicate that the observed values of water 
content reported in reference 6 were somewha.t too high, since they 
were obtained by the dew-point met.hod and are subject to sampling 
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errors. It now appears that in cloiids composed of liquid drops, the 
value of liquid water content calculated on the hasis of adiabatic 
lifting from the cloud base is a pre.ctical upper limit ■vdoich is 
unlikely to be significantly exceeded. The actual observed concentra.-- 
tion of liquid water is generally somewhat lower than the calculated 
va.luo . In layer clouds this difference is believed to bo due to 
incomplete mixing of the moist a.ir within the turbulent layer and 
some mixing downward of dry air from above, while in cimmlus clouds 
it is probably duo to mixing with the dry air throu^i which the cloud 
is rising. 

The second class of clouds previously mentioned, those which are 
formed by the lifting of stable a.ir masses, includes altostratus, 
some types of a.ltocumulus (such as lenticular ious) and "upslope" 
strat\is. In this case there is no simple method of estimating the 
liquid water content, since it depends largely upon the initial 
humidity distribution. Also, due to the lack of turbulence in clouds 
of this type, the velocity of fall of the drops vrith respect to the 
air may at times have a significant effect upon the v/ater content. 

Nearly all of the altostratus cloud systems encountered d'uring 
this investigation wore composed almost entirely of ice crystals, the 
only exception being icing condition 3^^ table I. It is believed 
that though altosti'atus clouds composed of liquid drops are infrequent 
in northern Nnitel States during winter, they mi^t be encountered more 
frequently under warmer conditions. The values of liquid water 
content observed in icing condition 3^ vjore generally less than would 
usually be encountered in stratocianulus clouds of the same temperature 
and vertical extent. 

The limited experience obtained in the investigation of two 
cases of upslope stratus (icing conditions 26 and 31^ table l) 
suggests that the wa.tor coiitent of such clouds is much less than 
would he derived from the assumption of a.diabatic lifting from tho 
cloud— ha so level. 


Duo to tho very limited amount of da.ta available for situations 
of this tj'po, it is not possible to state conclusively at this time 
whether values of liquid water content groater than those based on 
adiabatic lifting might not sometimes be encountered in clouds formed 
by the forced ascent of stable air masses. It is believed, however, 
on tho basis of such observations as ha.ve been made, that tho values 
of liquid water content calculated on the basis of adiabatic lifting 
from the cloud ba.so represent a practical upper limit which is 
unlikely to bo slgnif ica.ntly oxcooded in clouds of any typo, at 
tomporaturcs below freezing. 
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T he Ij.quld •tTater content of clouds contalnlnf;; snoTTflakea . - The 
general prohiem of the coe;d.£3tenoe of liijuld vator drops and ice 
crystals in clouds ha.s heon treated in rafaronco 9* It has heon 
shown that 3.iquid water drop.s of the size usual3.y found in clouds 
evaporate very qirickly in an atmosphere saturated wit]i respect to 
ice at below freezing tomporatures. Similarly, ice crystals grow 
ra.pidly in an atmosphere saturated with I’espect to liquid drops. 

A mixtui'e of ice crysta3.s and liquid water drops below 30^^ F is 
thus a very unstable condition and must be regarded in general as 
orily a transient stage in the evolution of cloud foruis. 

In this discussion, the terms "ice ciystals," "snowflalccs, " 
and "precipitation" are used interchaiif-Odbly . This is Jvistlfiable 
since aiiy ice crystals 3.argo enoiigli to be observed as discrete 
particles from al^ airplane in flight are many times larger than 
cloud drops and thus Iiavo an appreciable rate of fall altliough 
they may evapora'be before reaching the ground. 

Thi'oe cases of interaction of snow and ].iquid i^ater should be 
recognized. First, the condition within a layer cloud composed 
mainly of liquid drops when scattered snowflakes are present; second, 
conditions necessary for the existence of liquid drops with a high 
concentration of snowflakes; and third, the sudden transfo-nnation 
of a cumulus cloud into cumulonimbus which occurs when ice particles 
form in the upper portions. 

In the first case, the snowflakes may form within the cloud 
layer or may fall into it from above. The depletion of liquid water 
caused by the for&'iation of snowfla3:es within a cloud 3.ayer has 
been discussed in reference 6. V/hen snovd’ lakes fall frora above 
into a liquid water cloud, as for example when a precipitating 
altostratxis cloud overlies a stra-tocumuluo layer composed of water 
drops, the rate of depletion of liquid water depends chiefly upon 
the concentration of snowflakes-. With tho rates of aixosirfall which 
usually occur from the altostratus clouds associated with low- 
pressure areas, the drj^ing up of a stratocunuAus layer proceeds 
quite rapidly . 

The second case mentioned previously, the sitiiation in which 
riiany sno^’lakes are present, has been treated in reference '( , in 
which it is shoim that steble, precipitating, ■'.ra.rjri -front -type cloud 
systems do not, in general, contain liquid ivater drops at below- 
freezing temperatures except in the immediate vicinity of tho 
freezing level. Experience during the l^k'^-kS season indicates 
that the discussion given therein applies in general to the 
altostratus -nimibostratus cloud system associated with cyclonic storms 
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even tiiough the frontal structure may ho confused and indefinite. 

In the third case, the formation of ico crystals within a cimiulus 
cloud may result in a very rapid depletion of the liqviid water content 
An example of this process was observed (icing condition 39, table I) 
when a large well-developed cumulus cloud was investigated by means 
of observations dui’ing four successive runs through the cloud. A 
record of these observations is given in table II. 

As the cloud was approached for the first run, it had the 
appearance of a tjpical cumulus congestus cloud without any visiolo 
softening of outlines in the upper portions. Since scattered 
snow pollots wore observed during the first run in the cloud, it is 
believed that precipitation had just begun at tha.t time. During the 
succeeding l8 minutes, the liquid water content vrithin the cloud 
diminished from 1.9 to 0.2 grams per cubic motor as a result of the 
sudden formation and rapid growth of solid precipitation particles, 
after the last run, the cloud wa.s observed to have the form and 
appearance of a tspical cumulonimbus with a definite anvil top and 
soft outlines throughout the upper part. Unfortunately, the observa- 
tions recorded in table II were not all made a,t the same altitude, 
hence part of the observed variation in cloud composition may have 
been due to differences of, altitude. Ilovertheless, the complete change 
in appearance of the cloud during the period oi the ooservations 
supports the interpretation given here that the observed changes were 
real changes with time of the charactei*iBtic3 of the entire upper 
portion of the cloud. 

The dynamic effects of such a rapid transf oivnation from cumulus 
congestus to cumulonimbus are worthy of note. liic temperature rise 
caused by the liberated heat of fusion combines with the simultaneous 
removal of water by precipitation to. produce a suddon decrease in 
density of the cloud mass, which in the case under discussion was 
calculated to bo about 0.4 percent. This effect may help to aacount 
for the violent conditions often observed in cumulonimbus clouds. 

A detailed treatment of the dynamics ;and thermodynamics of cumulo- 
nimbus clouds is contained in reference 13 • • 

Observational checks of : wat or-c ontent theory .- The observations 
made during the winter of 1945-46 cannot be used directly to check 
the foregoing theories concerning liquid water content, since the 
altitude of the cloud base was usua.lly unlmown during the measure- 
ments. Certain deductions from the the.ory can be checked against 
the data, however. For example, since layer clouds are generally 
limited in depth to 2000 or 3000 feet, while cumulus clouds may 
have a much greater vertical extent, the liquid water content 
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observed in layer clouds would be expected bo have a derinito upper 
liraitj while much higher values would be observed in cumulus clouds. 
The effect of precipitation in lowering the liquid water content 
would be e^qiectod to increase the frequency of low values and lower 
the maximum liquid water content for both t^/pos of cxoud.s. 


Figure 11^ i-Jiiich Is based on the data of figinro 5j shows the 
frequency of occurrence of various values of riquid water concentra?- 
tion for cumulus clouds and layer clouds, with and without procipj-ta— 
tion. The deductions given above arc verified except for the rather 
higl:: frequency of large amounts of liquid water in cumulus clouds 
with precipitation. Ibis is probably due to the fact that as c^^ulxis 
clouds become tailor they arc more likely to contain precipitation, 
honco on the avorago the cbscrva.tions in ciimuli with procipita-tlon 
woro made In iargor and moro fullj* dovoloped clouds . 


In concliasion, the principles discussed above which dete:mine 
the liquid wator content in clouds provide a moans ol estimating, 
with roasonable accuracy, the maximum liquid v7a.tor content to be 
expected in the aiibfreezing portion of a cloud system of known 
type, dimensions, and temperature. 


The problem of drop size.— order to express an est?.mate of 
maximum liquid water content Tn terms of icing intensity, it is ^ 
necessary to consider the problem of estimating tne drop diameter 
and its effect upon the intensity of icing. 


The data presented in figur-es 5, 7. and 9 have been examined 
to deteivnine what relationship, if any, exists between the mean- 
effective drop diameter and the liquid water content, cloud type, 
temperature, and ai.titude. The most obvious characteristic of all 
of these diagrams is the lack of an^,’’ cleai'^ut patterns which would 
indicate reliable correlations arr.ong the various quantities. Some 
important information can be obtained from ti'iese data, however, 
especially on tlie relationship between cloud type and the range of 
valixes of liquid water content and mean-effective diameter. An^ 
examination of the data presented in figure 5 disci.oses a relation 
between water content and the observed range of va3.ues of mean- 
effoctive diameter. For vaJlues of liquid water content below 0.2 
gram ner cubic raeter, the range of mean-effective drop diametei 
is from 5 microns or less to microns or more for both cloud types. 
As the water content increases, the range of drop diameter decreases 
for both types. Of a total of 32 observations in cinaulus clouds 
containing 0.7 or more grams of liquid water per cubic meter, all 
the values of moan-effective drop diameter were included in the range 
from 10 to 23 microns . Of a total of 30 measurements in layer clouds 
with a water content of 0.4 tTam per cubic meter or more, all h&'T& 
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inea.i> -effective dianotors in the range from 9 to 20 nicrons . It is 
also noted tliat tho value of riean— offoctivo diaiaotor corresponding 
to tho hif^GSt liquid water content is 17 microns for cimiulus clouds 
and 11 micronc for layer clouds . 

^ r i LQ . Apto irm inefoic n of icing intensity from cloud tyoo and estimated 
liquid water content .— Since it is not possitlOj on the "ba-sis of 
prosent knovrlcdgc^ to ostiinate tho drop size to be expectod in a 
cloudj and since fairly good estin.ates of naximui:! liquid voter content 
can bo iiado the question arises a.s to whether reasonable ostinatos 
of nax^aiuTi icing intensity are possible. If such estiiiatcs are to be 
made they bus *0 be based upon liquid water cOrtont and cloud t^?pe a.lone . 
It IS proposed^ thopreforo^ in the absence of raore conplote Icnowlodge 
of drop sizes j to select a value of drop diaLiotor to bo assigned to 
each iiajor cloud tj^e^ and to estinatc the icing intensity on the 
basis of this arbitrary dianotor and the expected liquid water content. 
Values of a.Gsuiied diameter of l4 and 1*^ in?!. crons have been chosen for 
layer clouds and cuinuluo clouds^ respectively . 'These values were 
chosen on the basis of a careful examination of the data of figure 5^ 
consideration being given to the facu that an estimate of higher than 
actual icing intensity is less objectionable from a f oroc<asting stand- 
point than too mild an cstinato. 

Tliis choice cf a.ssimiod values of dr*op size detencincs the range 
of values of liquid water content to bo associated with ea.ch degree 
of icing intensity as indicated by the curves in figui^e 5* In other 
words, this procedure amounts to sotting up an alternate sca,le of 
icing intensity based upon liquid water content a.lono .and differing 
sliglitly for the wo classes of clouds . In order to clieck the dogroe 
of agrceiient between those alternate scales and nhe scale defined by 
the curves in figure 5 over the observed range of liquid water content 
and drop size, the observational data, of figure 5 have been arrc.nged 
in the following table : 
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Clotid tsrpe 


Range of 
water 
content 


Nijnbor of ob served cases of 
icing of various intensities 


Altorno..to scale oi 
icing intensity 
(dotominod "by 
assimod dianetor) 


Weather huroau scale 
of icing intensity 


‘Trace 


Light- Moderate Heavy 


Layer 
clouds 
aasOTjod 
dianetor, 
l4 ni crons 


0-0.11 
0.12-0.68} 
0.69-1.33! 
over 1.33 i 


Trace 

Light 

Moderate 

Heavy 


3 ^ 

15 

0 

0 


k 

72 

0 

0 


0 

1 

0 

0 


0 

0 

0 

0 


Cunulus 
clouds 
assuioed 
dianeter, 
17 niorens 


0-0.07 j 
0.08-0.1i-9l 

0.50-1.00 I 
over 1 .00 I 


Trace 

Liglit 

Moderate 

Heavy 


7 i 35 
1 ! 15 


0 

3 

23 

2 


0 

0 

3 

12 


Tlie data in the table show that out of 232 cases the two scales 
agree foi’ l80 cases (78 percent), and that the alteiTaate definition 
indicates a higlior icing intensitj'- in 40 cases (17 percent) and 
lower intensity in 12 cases (5 percent). 

It should ho noted that the data of figure 5 which were used to 
choose the assvinod values of drop size wore also used to verify the 
validity of the results . If those data d.o not constitiitc a ropresenta.— 
tivo sanplc, the degree ci' agreenent indicated will not ho attained 
in general. 

It is fully realized that nore accvu'‘ate and dependable estinates 

of the intensity of icing conditions could he nade if the drop size 

could ho predictod, a.nd therefore that the devel-opr-iont of methods 

of predicting drop sizes is desirable . Until such methods are 

discovei-ed, however, the nctliod proposed herein for estimating icing 

intensity on the basis of an intensity scale based on arbitrarily 

assumed values of drop size offers to meteorologists a practical a.nd 

fairly reliable moa.ns of dealing with the problem of forecasting the 

intensity of icing conditions. 

/ 

The foregoing disctission has been based on the scale of icing 
intensity defined by the Weather Biireau in reference 12. This tj’pc 
of definition is probably as good as can be devised as a scale to bo 
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usod for general purposes in the diopatching of aircraft end reporting 
of conditions encountored In ordinary oporationo. It is ‘bolieved^ 
hovrever, that the average pilct's or aetoorologist's concept of 
"ricdcrate" or "heavy" icing is ccnsiderahiy irilder than indicated hy 
this scale. In fact, this scale would prohahly be in , 'better agree— 
nont with the average pilot's estina-to of icing intensity if the 
toms "trace," . "ligiit," "nodorato," and "heavy" were replaced by 
"light," "r.iOderate , " "heavy," and "very heavy," respectively. 


No sinple scale of iiglit, moderate, a.nd heavy icing is adoquato 
for engineering purposes. Taluos of liquid water content, effec- 

tive drop ^.iaiootcr, naxinun drop diamotor, and temperature must .all 
bo teJeon into account if an icing condition is to bo adequately 
described from an engineering sta..ndpoint 


Some tentative rules for estiimtina the intensity of ?lcin« 
conditions .— Tlie foregoing diserssion suggests sevora.l r\:los for esti- 
mating icing intensity. • Altl.eiJgh these .generalizations arc- ba.sed on 
a limited number of moasurorx)nts which ma.y not hao'c boon ropresenta— 
tivo of all conditions, they are supported by a considerable amount 
of qualatativG obsorvationa.1 experience and have a sound physical 
basis. Mc-roovor, the observations were made over a large geogi^aphical 
area including wide variautions in clhnatc a.nd topogra.phy, a,nd included 
investigations of cenditiori's in a. wide variety of synoptic situations. 


T"i;C depondonco of icing intensity upon cloud typo a.nd the pres- 
ence or abso’ico of precipitation is illustrated b.y figure 12, x;hich 
shows tho porconta-ge of observation of o.ach do.grec of icing intensity 
for la.ycr clouds a.nd cvuauliis clouds, with a.nd without precipitation. 

It shoi’ld be pointed out in connection with figure 12, that the data 
presented thoi-cin, like all the data, in this report, a.ro likely to be 
biased by the inclusion of an unduly higli porccnt.a.go of cbscrvc-tions 
in the more severe conditions. T!iis is the result of the practice, 
which was followed througliout tho flight program, of attempting to 
fly at all times in tho most severe icing conditions available 
and roma-ining in such conditions a.s long as practicable. A’lother 
practice, which gives a. similar bias to tho data, was tho habit of 
making the observations more frequently in the hoa.vier icing conditions. 

Tlio rolationsliips apparent in figure 12 a.nd the genora.1 prin- 
ciples detorr.iining the liquid water content of clouds have boon used 
to formula. to tlie following tentative rules for estimating tho inten- 
sity of icing conditions a.ccording to the intensity scale given in 
reforonce 12: 
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1. In layer clouds with precipitation, icing intensities 
greater than a trace are tinlikely except near the edges of the 
precipitation areas or where the precipitation is very light or 
has just begian. 

2. In clouds formed by convection or turbulence the icing 
intensity usually varies with tempeiature and heiglit above the cloud 
base as indicated by the theory for adiabatic lifting, but the actva.1 
water content is U3^lally less than the calculated value. 

3. In layer clouds without precipitation, icing conditions are 
usually light but are occasionally mode-rate near the tops of thick 
layers . 

4. Moderate and heavy icing conOrtions usually occur only in 
cumulus clouds, but conditions in the upper portions of unusually 
thick stratus or stratocumulus layers occasionally reach moderate 
intensity. 

5. Icing conditions in cumulus clouds are highly variable and 
in the upper portions of tall clouds may he very severe. 

6. During winter, heavy icing conditions are not likely to 
be encountered continuously for more tlian 2 to 5 minutes. 

The Problem of Defining the Physical Chai'acteristics of Icing 
Conditions for the Piorpose of the Design 
of Ice— Protection Equipment 

The second major problem in this investigation is that of 
defining the significant properties of the most severe icing condi- 
tions likely to be encountered in the course of all-weather transport 
operations in a given area dviring a particular season. The following 
remarks refer to conditions in tho northern half of the United States 
during winter except when other aroas or seasons are specif icsAly 
mentioned, as for example in the discussion of summer ciamxlus clouds. 

Maximum icing conditions in cumulus clouds .— It is seen by 
reference to figure 5 that the heaviest icing conditions observed 
in cumulus clouds are much more severe than any experienced in layer 
clouds. It follows therefore that the heaviest possible icing condi- 
tion, chosen without regard to its extent or duration, may bo expected 
to occui’ in cumulus clouds. As mentioned in the preceding section, 
the maximum liquid water content within the siibfreozlng portion of a 
cumulus cloud may bo determined by calculating tlie free water produced 
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by adiabatically lifting a mass of air from the cloud-base level. 

The observations of icing condjtions reported herein wore all made 
during winter and spring in situations in which the temporat^^re at 
the base of the clouds was near freezing or lower and in which the 
vertical extent of the cloud development did not often exceed 600C 
or 8000 feet. If those conditions are taien as representative for 
the icing season in northern United Sta.tes^ it would appear reason- 
able to accept a cloud-base temperature of 32° F and vertical extent 
of 8000 feet as representing the maximum cumulus icing condition 
likely to occur with appreciable frequency in northern United States 
during winter. Undei’ these conditions, the calculated maximum liquid 
water concentration is 2.5 grams per cubic meter and the correspond- 
ing temperatioro is approximately 0° F. Tne corresponding value of 
mean-effective diameter wa.s estimated from the data in figure 5» It 
was noted that the seven observations of more than 1.2 grams per ciibic 
meter water content all had mean-effective drop diameters in the 
relatively narrow range from I7 to 23 microns. The average of those 
observations, 20 microns, was chosen as the probable value of mean- 
effective diameter corresponding to a maximum water content of 2.5 
grams per cubic meter at a temperature of 0® F. 

It should bo recognized that the foregoing maximum icing gondi- 
tion was derived from an assumed cloud— base temperature of 32 F. If 
wa.rmei'- weather conditions are considered, the maximum icing condition 
increases considerably. As an example, the conditions in the upper 
portion of a tall summer cumulus cloud will be calculated. Surface 
conditions are assumed as follows: pressm-e altitude, 400 feet; 

temperature, 90° F; dew point, 75° F; mixing ratio, 19.O grams of 
water vapor per kilogi'am of dry air. If this surface air is lifted 
adiabatically, condensation occurs at 36OO feet pressure altitude and 
71.5° F. Suppose the cloud extends to 23,000 feet pressure altitude 
just before prec3.pitation begins. The condition at 22,000 feet 
would be as follows: temperature, 22.5° F; liquid water content, 7.6 

grams per cubic meter. Tnis represents an extremely severe icing 
condition; in fact, if the water content were reduced by 50 percent 
due to precipitation and mixing, it would still be an extremely severe 
condition. There is reason to believe that such conditions occur 
frequently in •i^arra, moist climates where convective showers are common 
as along the Gulf Coast in summer. Tm severe icing conditions, how- 
ever, are sharply limited both in space and time, and therefore would 
very rarely he encountered unless deliberately sought. 

In connection with the problem of defining the maximimi icing 
condition in which, an Ice— prevention system should be ejqpected to 
provide protection^ It is necessary to define the most sevei'e icing 
condition likely to be met with a grlven airplane rather than the most 
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severe icing condition which can ever occur. This presents a problen 
sinilar to that involved in the design of airplane structures to 
resist turbulence. Foi' example,, it is not considered necessary to 
design airplanes to withstand the conditions occurring in tornados, 
and yet such stems are by no moans rare in the United States , The 
heaviest icing conditions, though nuch larger than tornados, are still 
quite limited both in extent and duration and are parts of cloud 
systems which ordinarily can easily be recognized a.nd avoided by 
experienced pilots. Thus, while there is reason to believe that the 
concentration of supercooled water near the tops of cumulus clouds 
may occasionally reach 2..‘^ grans per cubic meter in winter in the 
Pacific Northwest and 6 or 7 grans per cubic meter in’ s'ammer near 
the Gulf Coast, it is estimated that the highest value likely to be 
encountered in the course of all— weather transport operations in 
the United States is about 2.C grai’JS per cubic meter. The corre- 
sponding estimated values of moan effective drop diameter and temper- 
ature are 20 microns and 0*^ F . Iho most probable duration of flight 
(at l6o mph) in this condition, if it is encountered, is estir.ia.ted 
to be a.bout 1 minute, and the maximimi duration a little loss than 
2 minutes, as will be shown bolow. 

Ttio relation between Intensity and naxliuum extent of icing 
conditions Because of the facts that heavy icing conditions were 
observed only in cmulus clouds and tlrat cimiulus clouds are a.lways 
rather limited in horizon’tal extent, a study of the data was made in 
a.n effort to define a relation between the extent and intensity of 
icing conditions. Unf ortvinately, data on the linear dir.ionsions of 
the icing conditions were not obtained. The duration of flight in 
continuous icing wa.s therofox-e used as a measure of the extent of 
the conditions althou^j in sovsi'al cases the airplsno was flown ha,ck 
and forth in a single cloud formation, thus giving rise to larger 
duration than would have been required for a. straiglrt fligtit. 

Figure 13 shows the relation between the duration of periods of flight 
in continuous ici.ng conditions and the a.verage liquid water content 
during the periods. The plotted points arc for i-ndividually observed 
cases and the line represents the estimated x'elation between avera.ge 
water content and maximum d’lration. It is full3'’ rollzed that this 
estimate is uncertain due to the limited amoxmt of data upon which 
it is based. It should bo of some value, however, in indicating in 
at least a roughlj'’ quantita.tive vtx'j the inverse relationship which 
exists between a specified icing condition and the probable duration 
of fliglit in that condition. In the application of those results to 
the problem of evc.luating the roquiromonts fox' ice protection in all- 
weather transport operations, it should bo remembered that on tne 
rcses,rch flights during which theso data were collected, the fli^it 
path was chosen with the object of maximizing the severity and 
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duration of tha icing conditions, while in ordinary operationc the 
flight path would he chosen to reduce or eliminate the icing condi- 
tions. For this reason it is believed that the line in figure 13 
represents a conservative estimate of the relation between the inten- 
sity and majciffiijm duration of icing conditions as they would be 
encountered in normal all-weather transport operations in the 
United States. 

It is noted that the line in figure 13 indicates a maximtim 
duration of a little less than 2 minutes for a liquid water content 
of 2.0 grams per cubic meter. Since it is highly unlikely that the 
maoa‘.mum duration will be encountered on the rare occasions when the 
highest water content occxu’s, the mere probable value of 1 minute 
was chosen to correspond with the maximum icing condition defined 
above. 

Maxim um continuous icing conditions .— The results of the fore- 
going discussion of the extent of icing conditions as related to their 
intensity suggest a. need to define the maximum icing condition likely 
to occur over a large enough area to make it necessarj’" to provide 
for continuous operation in this condition. Biis condition will 
exist in layer— type clouds since cumulus clouds are by their nature 
discontinuous. 'Hie maximum liquid water content observed in layer 
clouds during this investigation was about 0.7 gram per cubic meter, 
which is the same as the maximimi reported from the Army Air Forces 
Ice Eesearch Base at Minneapolis, Minn. Those facts and the data 
in figure 13 on the relation between liquid water content and dura- 
tion of fliglit in icing conditions suggest that a reasonable estimate 
of the max5.muffi water content likely to be enco’ojitered for periods 
of 20 minutes or longer at a .true airspeed of l 60 miles per hour 
would be approx?Lmately 0.8 i;a’am per cubic meter. Since this condi- 
tion is expected to occui’ in la.yer clouds (stratocumulus) , a. 
reasonable estimate of the concurrent values of tempei'ature and 
mea.n-effective drop diamotor wa.s made from an examination of the 
data for layer clouds in figu.res 5 a-nd 8. The values chosen were 
20° F and 15 microns . ' 

The possibility'’ of more severe icing conditions with lower 
values of water content and larger drop sizes sho'ald not be overlooked. 
A reasonable extrapolation of the data, in figure 5 suggests a. condi- 
tion of 0.5 gram per cubic meter at a mean-effective d.iameter of 25 
microns as a definite possibility in la.yor clouds. 

Since the tempo rafuro , as well as the liquid water content, is 
of primary importance in the design of thermal systems for ice protec- 
tion, the relation between temperature a.nd maximum water content for 
continuous icing conditions should bo determined. It has been 
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pointed out that in icing conditions of very limited extent., as found 
in cumulus clouds., very IoxiT temperatures may occur with high values 
of liquid water content. In the case of the more extensive icing 
conditions in layer clouds^ however., a positive rela.tionship appears 
to exist "between temperature and maximum liquid water content. 
Proposals to define this relationship have been given in references 
6 and l4^ and are reproduced in figure 8. 

The curve from reference 6 depicts conditions 3 OOO feet above 
the base of a cloud foivned by adiabatic processes. Subsequent experi- 
ence has shown that the values of water content indicated by this 
curve are much higher than ordinarily observed in layer clouds. 
Appai'ently stratus and stratocumulus layers 2000 to ^000 feet thick 
are not generally characterized by a constant total mixing ratio. 

The data from reference l4 are based upon observations ma.de on 
the summit of Mt. Washington where orographic factors have a very 
marked effect on the liquid water content. 

The lowest cir^ve in figure 8 indicates the relation between 
maximimi liquid water content and temperature in layer clouds as 
observed in this investigation. Since this curve is based upon only 
a small number of observations and since it has no theoretical basis ^ 
it should be used with caution. Because of the small amount of data, 
available for la.yor clouds at very low temperatures:, it is not 
possible at this time to define the maximum probable low-temperature 
continuous— icing condition. 

Typical icin g co nditions .- The conditions defined above as the 
most severe likely to be encountered in all— weather tra.nsport opera- 
tions will only rarely be observed. Conditions ordinarily met with 
are much milder. It is estimated that values of liquid water content 
as high as 0.3 gram per cubic meter in layer clouds and 0.8 gram per 
cubic meter in cumulus clouds will be encountered with sul-iciont 
regularity to be rG£X'.rded as noivnal or ty}.)ical icing conditions. The 
corresponding mean— effective diameter is likely to be anjnfT’hore in the 
range from 8 to 20 microns. 

Icing conditions with vorv larpce drops .- Another importa.nt aspect 
of the problem of the definition of maximum icing conditions concerns 
the largest drop diameters likely to be encountered a.nd the probable 
corresponding values of wa.ter content. Examination of the data in 
figure 5 indicates that in about 1 observation in 50 the ^mean-effec- 
tive diameter is over 35 microns. This limited amount 01 data for 
clouds with la.rgo moan-effective drcop diameter indicates that the 
water content is likely to bo low, O .25 gram per cubic meter or less. 
It should be pointed out, however, that the data in figujrc 5 
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ten:is of nean-effectivo diaiiotor and tiiat with certain tj^os of size 
distrihution^ appreciable anounts of water ::iay be present in the 
f om of drops 35 nicrons or noro in diaraotor even though the noa.n— 
effoctivo diaiieter is as low as '"‘O nicrons. It would tnoroforo appear 
that snail anounts^ for exenp.lo about 0.1 gx*ar.} per cubic netoz'^ of 
drops of 35 to 5^ Dicrov:is diameter should not be rega’uded as exceptional. 
Because of the high collection efficiency and wide aroa.s cf inpingo— 
nent associated with the larger drops, the presence of even .‘X*.iall 
amounts of water in drops of 35 umcroas or larger dianetor has a.n 
iiuportant effect upon the requirements for thermal icc prevention. 

More detciiled data on drop— size distr5foution arc very deeirablo for 
this reason. 

Freezing rain.— Since freezing rain has not boon observed in 
the course of this investigation, no observational data can be 
presented. Trio subject shcaild bo nontionod, however, if only to 
emphasize the fact tha.t the general discussion of icing conditions 
presented herein does not nccossr.rily apply to freezing rain. 

The note or o logical conditions ordinarily required for the forma- 
tion cf freezing rain are an inversion, usually x'rontal, vrith terzpora.— 
tures above freezing in the warm air above and below freezing in the 
cold air below the inversion. The tempo rcitui'^e ra.ngc of the occurrence 
of freezing rain is rather small, since the raindrops freeze ar.:d 
becone sleet at temperatures ^nly a few degrees below freezing. The 
rate of precipita.tior in freezing r<a.in is usua.lly less than t.! inch 
per hctxr which corresponds to a liquid water content of about 0.2 gran 
per cubic me tor. Tl'io dropvS a..ro usually between 000 a.nd 1000 microns 
in diameter which is la.rge oneugj'- to give substantially i0v>— percent 
collection efficiency on all aircraft components. It should be noted 
in passing that any cloud with di'ops larger than 35 nicrons In 

diameter is likely to be o^croneously reported by pilots as freezing 
rain” because such 3.r.rgo cloud droplets, on striking tlio winc.snield, 
present a.n appearance sinilar to raizidrops. 


CONCLUSIONS 

The following rules for estimating t]ie intensity of icing 
conditions are based upon a study of flivght mea.s''iromonts of .uClng 
conditions, supplemented by an analysis of the physical procossos 
which arc importa.nt in dote miring the distribution cf liqu.id wa.ter 
in clouds. They are expressed in terms of tho -scale of icing intensity 
used by the V/eather Buo'ea.ix in reporting icing conditions at mountain 
stations. 
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1. In layer clouds with precipitation., i/'lng intensities 
greater than a trace are unlikely except near the edges of the 
precipitation area or where the precipitation is very iigljt or 
has Just begun. 

2. In clouds composed entirely of liquid drops the icing inten- 
sity usually varies with temperature and height above the <''loud base 
as indicated by the theory for adiabatic lifting, but the a.ctual 
water content is ordinarily less than the caXcu3.ated value. 

3 . In layer clouds wlthoiit precipl tati on^ icing conditicnvS are 
usually light but are occa.sionally moderate ''.ear the tops of thick 
layers , 

4. Moderate and heavy icing condition's usually occur only in 
cumulus clouds^ but conditions in the upper portions of unus'ually 
thick stratus or stratocumulus layers occasionally reach moderate 
intensity. 

5 . Icing conditions in cumulus clouds are highly variable and 
In the upper portions of tall clouds may be very severe. 

6. During winter^ heavy icing conditions are not likely to oe 
encountered ‘"'Ontinuously for more than 2 to 3 minutes. 

Analysis of the available observa.tional da.ta. .supplemented by 
considerations of the physical processes Involved in the formation 
of icing conditions has led to the following tentative estimates of 
the most severe icing conditions likely to bo encountered in the 
course of all-weather 'cransport operations in the United States : 


Dui^ation’ 


Liquid Average 


Cloud type 
cumulus 


stratus or 
stra.tocumulus 
stratus or 
3 trat oc umulus 


fat 160 muh ) 


1 minute 
20 minutes 
or longer 
20 minutes 
or longer 


wa ter c on ten t dr 0 0 d 1 ame ter Temn er a,tiu:;^ 
2.0 gm/in® 20 microns 0^ F 

0.8 gm/m^ 15 microns 20^ F 


0.5 


25 microns 


20 ° F 


Ames Aerona.utical Laboratory 


National Advisory Committee for Aerona.utics 
Moffett Field, Calif. 
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APPENDIX 

Temporaturc Coi’rection for Kinetic Keating 


The true temperature of the undisturbed air was obtained by 
subtracting the following correction from the observed temperature 
when flying in clear air: 


AT . 1.7- 

Viooy 

where AT is the correction in degrees Fahrenheit^ and U«];' is 
the true airspeed in miles per hour. Tlio value of the constant 
a must be determined experimentally for any particular installa- 
tion. For full adiabatic compression at a stagnation point a = 1.0; 
for the particular installation described heroin a = 0.93 tO.Op. 
This value wa.s detoimiined by making :Succes3ive runs at various 
speeds at a constant altitude over the same area in approximately 
homogeneous air. 

When the air contains liquid wa.ter drops there is a,pparently 
no accepted theory for calculating the temperature rise. Hardy 
assumed in reference 5 that the ratio of the temperature rise in 
wet air f,o that in dry air is equal to the ratio of the specific 
heats of dry and wet air at constant pressure. The use of the 
ratio of the saturated and dry adiabatic lapse rates is recommonded 
by the Army Air Forces for use in correcting wet bulb readings in 
clear air and both wot and dry bulb readiuvgs in "wet cloud." This 
differs only sliglitly from the ratio usod by Hardy, the difference 
being due to a differonco between the adiabatic and isobaric rates 
of change of saturation mixing ra.tio with tcmperatui"o . 

In order to determine experimentally the ratio of the kinetic 
tompera.ture rise in clouds to that in cj.oar air, test runs were 
made at various speeds in uniform stratus clouds at temperatures of 
15° to 25° F a.nd 50° to 60° F. Bio tests at 15° to 25° F were ' 
conducted in Minnesota during the winter of 1944—45 with the C—46 
airplane . The thermometer usod was of the morcury-in— glass typo 
mounted with the bulb pointing downwind a.nd shielded as sho'vm 
in figure l4. Tlio tests at 50° "to 60° F wore conducted in stratus 
clouds off shore near San Francisco with a U.S. Navy blimp a.nd a 
P—38 airplane. A resista.nce thormoractor suspended on a. cable below 
the blimp was usod to maice a sounding through the cloud la.ycr Just 
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before and Jvist after tlie high-speed runs with the P—33. Ihc 
thermometer cn the P—38 was a resistance thermometer with the 
sensitive olement exposed in a moxxnting designed to obtain the 
stagnation temperaturo. The results of those tests are presented 
in figxxre Ip which also includes cujcves showing the ratio of the 
specific heats of dry and wet air at constant pressuxco -and the ra-tio 
of the wet and dry adiabatic lapse rates. 


Since the adiabatic lapse— rate ratio shows the best agrsoment 
with the observations, it has boon used in this investigation to 
determine the kinetic hoating correction for all observations of 
tempera tvire wit’iin clouds.. It was observed that very small amounts 
of liquid water arc svifficlont to reduce the kinetic tomporaturo 
rise to approxlmatoly the moist adia.bat:lc value, hence xio attempt 
has been made to use irtcomediato va,luos of the correction for low 
values of liquid water content. Since no moasuroments of the 
kinetic temperaturo rise have been made in clouds composed of ice 
crystals, the corrections wore made in the, same way as in caouds 
composed of liquid drops. The error involved in this procehuro 
is unknown b'ut may reasonably be assumed to be loss than the 
difference between the dry and wot con-ections, which difference, 
at the tempera tiu'-e and speeds prevailing in this investigation, 
vra-a usixally between 1° and 2 "^ F. 

Tile validity of the correction just dosci-ibed for kinetic 
heating in clouds does not depend upon any a.ssumptions regarding 
tho processes of evaporation which may oceux' a.t or near the 
thermometer. The use of tho ratio of tho adiabatic lapse rates 
is Justified or. pxxroly empirical grounds, since the observed ratio 
of wet to dry va.lues of kinotic temperature rise agrees fa.irly vreil 
with tho lapse— rate ratio over a wide range of temperature. 


Mea.surcments by tho Rotating—Cylinder Method 

In tho present investigation, the rotating cylinder metliod was 
used essentially as described in roferonco 8, except that the 
exposure time was generally a.bout 1 minute instead of 5 minutes, 
o-nd the average diameter of the ico formation was doteremined by 
calculation instea.d of by actual moasuromont. Hie calculation was 
based upon an assiimcd ice density of 0.8 gram per cubic centimeter. 
With the small amounts of ice collected during 1-minuto runs, this 
method was calculated to give loss ox'ror tha.n direct raeasioromonts 
of diamc-tcr rnado in flight. 
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Data on drop— eizo distribution in icing clouds are usually 
presented in terms of a "volume" rather than a "number" distribution^ 
since the amount of water in drops of a. given size is of groatoi- 
importance than the number of drops . One form of volume— distribution 
curve is constructed by plotting, as a, function of diameter, the 
percent of the total liquid water content of the cloud which is 
contained in drops smaller than that diameter. A distribution 
curve of this type is presented in figure l6. This curve was 
drawn from da.ta appearing in reference 8 which wore obtained by 
the sooted slide technique described therein. On a distribution 
curve of this t;/pe, the volume median diameter is the value of 
diameter determined by the point a.t which the curve crosses the 
50— percent line. The volume modiain diameter is thus defined by the 
prope?.'’ty that there is as much water in the drops larger than the 
volume median diameter as there is In drops smaller than the volume 
median diameter. In the example shown in figure l6, the volume 
median diameter is 11.9 microns. 

Tlio data presented in reference 11^ showing the collection 
efficiency of cylinders as a function of S, a parameter involving 
drop diameter, au-e given for five assumed distributions of drop size, 
A, B, C, D, and E. Distributions A, E, and E are shown in figure l6 
for a volimie median diameter of 12 microns. Distributions C and D 
which are intermediate between B and E are omitted for simplicity. 
The values of drop diameter obtained from rotating-c.ylind.er obsorvar- 
tions bj' the method described, in reference 11 are called moan— 
effective diameter. The mean— effective diameter is equ.al to the 
volumio median diameter if the actual distribution is similar to the 
assumed distribution. It is not loaown how closely the assumed drop- 
size distributions resemble the actual disti'ibutions found, in 
clouds. Since the limited amount of data a.va.ilablG from the four- 
cylinder a.pp.a.ratu3 indicated the presence of distributions covering 
the entire range from A to E, the curves based on distribution 
C were arbitx’arily chosen to bo used in reducing the data taken 
vlth the two— cylindei’ apparatus. 

The errors involved in ca.lculating the liquid water content 
and mean-effective di.amoto.r from the two— cylinder da.ta. have been 
ostima.ted by censidering the errors inherent in moasurr'ng the 
quantities used in the calculations. The results, which are shown 
in the followi.ng table, are based on a liquid vn.ter content of 0.5 
gram per cubic meter and an average drop diameter of 10 microns. 
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j 

\ 

1 Estimated 
, amount 

of error 

t 

1 

Resulting percent error (E) 

' Source of error 

Water 
1 content 
! (percent) 

' Drop 1 

diameter } 

( percent ) j 

1 Weighing sample 
l/8— in. cylinder 

1 

• 0.02 gram 

1 

1 2.6 

1 

2 

Weighing sample 
1 1-in. c^j^linder 

i 

» 

i .03 gram 

t 

1 

1 1.0 

I 

1 

1 1 

; i 

Assumed density 
j of ice 

i 

i 

1 . 08 ^ 
1 

\ 

i 

\ 

2.5 

1 

. 1 
I 

2 

1 

i Timing exposure 

j 

1.5 sec 

i 

f 

! 2.4 

i 

0 

1 

i True airspeed 

I 

2 2 ' mph 

I 

1.5 

1 

I 

0 

! Miscellaneous 
other errors 

i 

f 

' l.C 

! 

i 

i 1 

: Error due to using 
I ”C" distribution 
curves for imknown 
1 distribution 

i 

! 

1 

1 

1 

i lip to 

3 

f 

, t 

up to 1 

; 3 . 

j Total error 

' Water content 

i ( percent ) ' 

Drop diameter j 

( percent ) j 

Maximum total error 
i (2E) 

i . 

1 

( 

9 1 

j 

i Estimated resultant 

1 

i 

1 

I 


- 

j error xn j 

1 5.7 

1— . . ■ 

i 

4.4 j 


Araes Aeronautical Laboratory^ 

National Advisory Committee 
Moffett Field, Calif., 


for Aeronautics, 
June 25, 19^7. 
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TABLE I. SUMMARY OF METEOROLOGICAL DATA OBSERVED IN ICING CONDITIONS 


CO 

CO 


Icing 
Cond i - , 
tion i 
Number i 

FI ight ; 
Number j 

1 

! 

Date 

T ime 

(Pacific Standard) 

^Liquid 

Water Content 

(9/m^) 

*Mean ! 

Effective Drop Dlam 
(microns) { 

^Orop 

Size 

Distri- 

bution 

No. of 
rotat- 
ing 

cyl .obs. 

Max.Oiam. by Area 
of Catch Method 
(microns) 

1 

Temperature 

(OF) 

1 j 

1 

1 Pressure Altitude 
! (feet) 




beginning 

ending 

average | 

maximum 

mean 

max . 

min. 



greatest 

least 

max. i 

min. 

1 min. 1 

max. i 

1 

1 

20 ! 

2-28-46 

1 

45 PM 

2:25 PM 

Trace i 

.25 : 






17 

13 

1 10 ' 

4 

■ 12,000 1 

13,000 j 

2 

22 ! 

3- 2-46 

10 

40 AM 

11:20 AM 

Trace 

Trace ! 






— 

— 

32 1 

8 

4,500 ' 

ii,300 ! 

3 i 

23 

3- 2-46 

2 

50 PM 

4:07 PM 

.52 

1.4 

( 





44 

(1 

12 i 

-7 

1 9,200 

(3,500 

i 4 i 

24 

3- 3-46 

1 

00 PM 

2:20PM 

— 

.7 : 

i 





29 

15 

24 

-2 ’ 

' 5,300 

12.700 

! 5 

25 

3-19-46 

3 

41 PM 

3:51 PM 

— 

■1 i 

1 

- -4 



1 

— 

— 


-^0 [ 

^ 7,000 ; 

L 7,800 

6 ! 

26 

3-21-46 

4 

00 PM 

5:00 PM 

.38 


■ •rl 

18 t 

li 


8 

17 

12 

19 1 

14 

r 10.200 ' 

^11,100 

7 ; 

27 ! 

3-22-46 

2 

30 PM 

2:45 PM 

.36 

.7 

17 i 

18 i 

17 


3 

— 

— 1 

“ 1 

8 

8,400 

! 8,900 

8 

27 

3-22-46 

3 

15 PM 

3:35 PM 

.06 

.2 

- 1 

i 

— 


4 

24 

14 

19 1 

15 ! 

i 6,500 

7,300 

I 9 

28 

3-24-46 

l( 

15 AM 

12:00 M 

.48 

.8 

14 ! 

15 1 

12 


6 

15 

12 

18 ! 

13 

6,600 

7,800 1 

10 

28 

3-24-46 

12 

55 PM 1 

1:25 PM 

.2 

_ .3_ 

— 1 

19 

14 


3 

20 

12 1 


2. 

! 10,700 I 

1 i 1,100 1 

II 

28 

3-24-46 

3 

30 PM : 

3:45 PM 

.4 

.5 

1 

28 

14 


3 

— 

il 


^ 


[13^00^ 

12 

29 

3-25-46 

1 

55 PM 1 

2:45 PM 

0 

0 

0 ' 

0 

0 


0 

0 


23 i 

19 

i 9,000 i 

1 11,000 

)3 

30 

3-27-46 

4 

00 PM 1 

5:00 PM 

Trace 

.05 

i 

8 

— 


1 

— 

- |! 

1 26 

15 

i 8,000 I 

1 12,200 , 

14 

31 

3-29-46 

10 

30 AM 1 

11:30 AM 

.61 

.9 

14 

18 

8 


7 

20 

15 

16 

9 

I 7J00 i 

! 9,000 

15 

31 

3-29-46 

3 

50 PM 

6:00 PM 

.18 

.5 

i-ll— 

18 

3 


4 

18 

15 

14 

-2 

1 9.100 

13.200 , 

16 

32 

3-30-46 

II 

03 AM 

11:05 AM 

— 

.6 


26 

— 


1 

— 


IS 

— 

i 12,500 

! 

17 

32 

3-30-46 

1 

17 PM 

1:19 PM 

— 

.3 

— 

45 

— 


1 

— 

j 

7 

— 

11,100 


18 

32 

3-30-46 

1 

40 PM 

2:30 PM 

.64 

.9 

13 

17 

10 


6 

— 

I 

20 

13 

7,800 

9,800 

19 

33 

3-31-46 

II 

00 AM 

1 :45 PM 

.44 

t.O 

II 

17 

7 


12 

54 

18 

28 

7 

5,700 

11,600 

20 

34 

4- 1-46 

3 

10 PM 

4:40 PM 

.53 

.8 

13 

14 

— 


6 

19 

17 

27 

II 

6,30C 1 

1 10,200 

21 

35 

4* 3-46 

4 

22 PM 

4:47 PM 

.13 

.3 

13 

18 

5 


4 

— 

— 

le 

$ 

9,1 00 ' 

' I2,i00 1 

22 

36 

4- 5-46 

5 

25 PM 

5:57 PM 

.48 

J 

12 

14 

10 


5 

— 

— 

27 

24 

4,500 

5,000 ; 

23 

37 

4- 6-46 

12 

43 PM 

1:30 PM 

.22 

,4 

13 

14 

12 


5 

— 

— 

25 

20 

4,600 

5,800 1 

24 

38 

4- 7-46 

12 

00 M 

4:50 PM 

.61 

l.l 

17 

26 

12 


10 

— 


Id 

3 

11,800 

15,100 i 

25 

38 

4- 7-46 

12 

00 M 

4:50 PM 

.H 

.2 

12 

29 



II 

— 


18 

I- 

11,800 

15.100 1 

26 

39 

4- 8-46 

12 

56 PM 

3:40 PM 

.34 

.5 

10 

13 

5 


16 

— 


27 

2i 

8,500 

1 l,5od ! 

27 

40 

4- 9-46 

9 

45 AM 

10:55 AM 

.08 

.2 

19 

27 

14 


8 

— 


26 

22 

1 8,600 

9,700 ; 

28 

40 

4- 9-46 

3 

30 PM 

4:25 PM 

.38 

1.1 

17 

22 

14 


9 

— 


4 

-19 

14,800 

20,300 * 

29 

42 

4-13-46 

2 

50 PM 

3:40 PM 

.16 

.3 

6 

7 

3 


6 

— 


24 

16 

J 1,600 

13,800 

30 

43 

4-14-46 

10 

40 AM 

12:22 PM 

1 .15 

.3 

8 

10 

7 


4 

— 


29 

24 

10,500 

10,900 

31 

43 

4-14-46 

12 

22 PM 

2:30 PM 

.40 

.6 

10 

14 

3 


iB 

— 


26 

ir 

10,200 

1 

32 

44 

4-15-46 

10 

00 AM 

10:00 AM 

.05 

1 .1 

— 

20 

-- 


2 

— 


23 

22 

9,900 

11,700 i 

33 

44 

4-15-46 

II 

20 AM 

12:15 PM 

Trace 

.05 

-- 

— 

— 


1 

— 


24 

16 

11,600 

13,800 i 

34 

46 

4-25-46 

4 

00 PM 

5:23 PM 

.11 

1 .3 

30 

50 

18 

— 

12 

— 


28 

17 

8,900 

10.600 i 

35 

47 

4-26-46 

12 

30 PM 

2:30 PM 

.38 

j .6 

13 

19 

II 

E in Cu 

8 

— 


i-29 

23 

5,000 

6,600 




4 

15 PM 

5:15 PM 


1 



1 

A in Sc 




I 



1 

36 

48 

4-28-46 

10 

50 AM 

2:00 PM 

.05 

j .2 

10 

12 

i 7 

C 

8 

— 


j 30 

19 

8,300 

12,500 1 

37 

48 

4-28-46 

4 

20 PM 

6:00 PM 

.15 

' .4 

13 

21 

: 8 

— 

13 

— 


1 25 

15 

I0,:200 

12,900 j 

38 

49 

4-29-46 

1 1 

05 AM 

11:45 AM 

.35 

I ,7 

24 

44 

1 14 

— 

5 

— 


; 15 

7 

7,600 

9,400 1 

39 

49 

4-29-46 

II 

53 AM 

12:20 PM 

.95 

1.9 

19 

22 

1 '5 

E and C 

7 

— 


5 

-5 

10,200 

13,000 1 

40 

49 

4-29-46 

12 

45 PM 

1 : 1 5 PM 

.18 

.3 

23 

28 

16 

A and E 

6 

— 

j 

15 

II 

1 7,800 

8,600 I 

41 

49 

4-29-46 

I 

15 PM 

1 :45 PM 

I.OI 

1 1.5 

17 

18 

15 

E and D 

5 

— 


14 

8 

1 7,900 

’97^00 

42 

49 

4-29-46 

3 

55 PM 

6:00 PM 

.57 

' 1.5 

20 

30 

1 9 

E 

' 19 

1 - 


1 20 

7 1 

11 6,400 

9,500 


^Values of liquid water content in conditions I to 4 are calculated from the thickness of 
given for conditions 5 through 42 are from rotat ing-cyl inder measurements. 

^Values of drop size are from rotat ing-cy 1 inder measurements. 


ice formed in one minute on a stationary rod.. Values 

NATIONAL ADVISORY 
COMMITTEE FOR AERONAUTICS 


^Size distribution as defined in reference 15 given only for cases in which four-cylinder data were available. 


NACA TN No. 1393 


TABLE I. CONCLUDED 


Icing 
Condi - ' 
t i on 
Number j 

1 

I a 1 1 ve 
extent of 
Cloud Masses 1 

•'CLOUD TYPE 

Cloud 

Compos 1 1 i on 

* A 1 r Mass 
Classifi- 
cation 

1 

Synoptic 

Situation 

LOCATION 

REMARKS 

Scrttered 

Cumulus and Cumulonimbus 

mostly snow 



Southeastern Wyo. 


2 

3 

H 

5 

Continuous 

Scattered 

Scattered 

Scattered 

Altostratus i NImbostratus 
Cumulus and Cumulonimbus i 

Cumulus and Stratorumul us j 

Cumulus 1 

snow 

mostly water 
water i snow 

water 

MP ; 

MP 

MP 1 

MPK 

Pre frontal 
Post Cold Front 
High and Rising 

Trough 

Eastern Oregon 
Eastern Oregon 
No. Cal Ifornia 

Cent, Calif. Coast 

Same area as Icing condition 2. j 

.7gm/m3 measured over Siskiyo.'u 

mountains at 12,700 ft. 1 

6 

Broken 

Altocumulus 1 

mostly water 



Western Nevada 

Total accumulatiop, 2 Inches, 1 

some snow showers. 

7 

Broken 

Cumulus 

water 

MPK 

Pest Cold Front 

Oregon 

! 

■ 8 
9 
1C 

Broken 

Broken 

Broken 

Cumulonimbus A Stratorumulus 
Cumulus and Cumulonimbus 
Cumulus and Cumulonimbus 

mostly snow 
mostly water 
water i snow 

MPK 

MP 

MP 

Post Cold Front 
Post Cold Front 
Post Cold Front 

Oregon 

Central Oregon 
Idaho 

1 Inch in 15 minutes. 
Bases at 9000 feet. 

^11 

12 

13 

l>4 

15 

Scattered 
Cont i nuous 
1 Continuous 
' Scattered j 

' Scattered 

Cumulonimbus 

Altostratus 

Altostratus & Altocumulus , 

1 Cumulus 1 

Cumulonimbus & Altostratus i 

water & snow 
snow 

mostly snow 
mostly water 
mostly snow 1 

MP 

MP 

MP 

MP 

! MP 

Post Cold Front 
New Mexico Low 
Above Cold Front 
Post Cold Front i 
Post Cold Front 

Idaho 

Southeastern Wyo. 
Eastern Oregon 
Central Oregon 
Idaho 


16 

17 

1h 

19 

20 

1 One cloud 

j Broken 
1 Scattered 
t Scattered 

Cumulonimbus 1 
Cumulonimbus j 
Cumulus and Cumulonimbus | 
Cumulus and Cumulonimbus ' 
Cumulus and Cumulonimbus 

mostly water 
mostly snow 
mostly water 
water & snow 
! water & snow 

j RP 

MP 
MP 
MP 
MP 

On Cold Front 
Post Cold Front 
Post Cold Front 
Post Cold Front 
Nevada Low 

Utah 

Eastern Calif. 
Central Calif. 
Cent. Calif. Coast 
Cent. Calif. Coast 

Over Donner summit. 

Bases 4100 to 4400, 34° to 35°F 

21 

22 

23 

24 

25 

j Conti nuous 
I Continuous 
1 Broken 
Scattered 
Scattered 

Altocumul us 

Stratus and Stratocumul us 
j Stratocumul us 
1 Cumulus and Altocumulus 
j Cumulonimbus i Altostratus 

water & snow 
water 
water 

mostly water 
j mostly snow 

1 

1 MP 

i MP 

! MP 

: Mp-; 

! MP J 

Pre frontal 
NW Grad ient 
NW Grad ient 
fFlat pressure 
\ field 

Northern Calif. 
Western Ore. 
Western Ore. 

No. Nevada, 

Utah, & So. Wyo.j 

Over Siskiyou mountains 

Data for Wjater clouds and snow clouds 
entered separately for same flight 
per iod. 

26 

27 

Cont i nuous 
1 Continuous 

' Stratus and Stratocumul us 
' Stratus with Altostratus above 

j water 

1 water i snow 

1 GP 

CP 

Colorado Low 
Pre-frontal 

Southeastern hyo. 
Western, Nebraska 

Upslope stratus j 

Stratus being depleted by snowfall ) 

from altostratus. i 

28 

29 

30 

1 Scattered 
1 Scattered 
Broken 

: Cumulonimbus 
Cumulus humul i s 
i Stratocumul us 

1 water & snow 

mostly water 
water 

i CPK 

MP 

! CP 

Post Cold Front 
: Post Cold Front 
1 Colorado Low 

Southeastern Colo. 
Northern Utah 
Ho. Utah i So. Wyo. 

Single coiivective cloud. j 

31 

32 

Continuous 
' Scattered 

' Stratus 

Altocumulus and Altostratus 

water 

water i snow 

1 

CP 

Colorado Low 

! 

Southeastern Wyo. 
Eastern Colorado 

Patches of altocupiulus in tenuous j 

altostratus. 

33 

34 

i Scattered 
1 Continuous 

1 

Cumulus humul is 
Altostratus 

water 

j mostly water 

1 

i 

1 MP 

Frontal (cold f ) 

Southern Wyoming 
Oregon Coast 

1 

Large average drop diameter may be 

mixture of drizzle and cloud drops, j 

35 

Broken 

' Cumulus and Stratocumulus 

t mostly water 

! MPK 

Anticyclonic 

Western Oregon 


36 

37 

38 

39 

40 

Continuous 
Broken 
Scattered 
Scattered 
, Continuous 

^ Altostratus 

1 Altostratus and Altocumulus 
Cumulus and Cumulonimbus 
i Cumulus bee. Cumulonimbus 
Stratocumulus 

1 mostly snow 

1 snow & water 

i water & snow 

] water & snow 

water & snow 

' MP 

MP 
MPK 
MPK 

; MPK 

Pre-frontal 
Pre-frontal 
Post Cold Front 
Post Cold Front 
Post Cold Front 

Western Oregon 
Western Oregon 
Western Oregon 
Western Oregon 
Western Oregon 

lotal accumulation about 3/8 inches. ' 

Total accumulation about I-I /4 inches, j 

1 

41 

42 

Scattered 
j Scattered 

Cumulus and Cumulonimbus 
Cumulus and Cumulonimbus 

' water & snow 

water & snow 

^ MPK 

MPK 

Post Cold Front 
Post Cold Front 

Western Oregon 
Western Oregon 



* "Scattered" indicates more c.lear air than cloud. 
^According to the classification presented in the 
Marine; C Continental; P Polar; K Indicates 


"Broken" Indicates more cloud than clear air. 
l^nter nations I Atlas, Parisi 1932. 
instability near the surface. 


"Continuous" indicates unbroken cloud or only occasional sraaH'breaks. 
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TABLS II 

OBSIEVATIONS IN TEE UPPER PORTION OF A LARGS CUMULUS CLOUD 
DURBTG THE PERIOD BMEDIATELY FOLLOWING THE ONSET OF PRECIPimTION 

(I' ing Condition 39 . table l) 


Tlmo 

(P.S.T.) 

Tempera- 

ture 

(Op) 

1 Pressure 
altitude 
(ft) 

Liquid vater 
content 
(gm/m®) 

Mean effective 
drop diameter 
(microns) 

ll: 53 | 

5 

10,400 

1.9 

17 

11:51^ 

k 

10,800 

1.4 

19 

11; 58 

3 

11,000 

1.0 

20 

I2:0li 

1 

11,600 

.8 

22 

12:05 

0 

11,600 

.6 

21 

12:12 

_2 

12,500 

.2 

18 
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Fig. 1 



Figure 1.- Shielded free -air temperature 

thermocouple installation on C-46 airplane. 





(a) Disassembled. 



Figure 2.- Manually operated rotating cylinders, 
two -cylinder assembly. 
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Fig. 3 



(a) In position for loading. 



(b) In extended position. 

Figure 3.- Four -cylinder motor -driven rotating cylinder apparatus. 
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Fig. 4 



(a) Cylinder ready for exposure. 



(b) Cylinder in extended position. 

Figure 4.- Cylinder for measuring area of 
drop impingement. 







LIQUID WATER CONTENT , 9/m 



t^EAtS EFFECnVE DROP DIAI^ETER , l^\C<£oNS 
FIGURE 5.- liquid \a;aTE 5S COMTENT AND DROP >S'ZE BV ROTAirNG CYLINDEB 

NNEASUQEf^ENT A^> COt<\PAieED \>llTrt WERTHEe BUREAU SCALE OF ICING INTENSITV 
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LIQUID U/ATEe CONTCInT 


Fig. 6 
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Fig. 7 
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MEAN EFrCCTIVE D 60 P DIAMETEft, mCGOMS 
noues 7 .- Dcop size ©v eoTATiNc- crLiNoee MEAsucsiv^ENr as related 
TO altitude 



LIOUID WATEe COfNTETrNT, ^5/ 


Fig. 8 
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TEMPEgATUeC , DEGeE-£S E. 

FlGUeE 8.- LIQUID LOATCe CONTENT AS A EUNCTlON or FeCE 
AlC T CfAPEEA TUeE . IgOTATiNC- CYUNDEP, t^EASUC EKCNTS 
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f^EAN EFFECTIVE DBOP OtAr'^ETER. , K'lCROt^S 
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Fig. 9 



FIGueC 3.- oeop size BV eoiATlNG CYLlNOCe MEASUCEt>AE:NT 

(AS eCLATEO TO FeCE AIR. TET^PECATruRE, 
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Fig. 10 
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FIGUCE \0.~ Of\T(^ FeOt>^ THE INVEST \GATION OF Pi GUNULU5 

CLOUD NEP\fe CHEYENNE. VWTOMING ON \^A<o. 
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peEr5Su&E PiLTiTUOE ^ feet: 
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Fig. 11 



FlGUeE u- FeCQUCnCY DlPsG<^AW\ ILLUSTBATlNfi THE e.E:LWlON OF 
UqU'D WAITB CONTCm TO CLOUD AND COl^POSlTlON. 
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Fig. 12 
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RGUBC \2.- eCLATIVE rfeEQUENCY OF VAfilOUS DeGREES OF 

ICING INTENSITY AS DELATED TO CLOUD FORTA AND PfeE C\P\TPTlON 


LIQUID GOnTEIHT , 
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FIGUGC 13.- /^VEEAG-E LIQUID WATEg CONCENTEATION IN WINTEE ICINO CONDITIONS AS A 
FUNCTION OF ^^A>^N^O^A DURATION OF FL\6WT IN THE CCNOlTION. 
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Fig. 14 


I 



Figure 14.- Installation of mercury -in-glass 
thermometer on C-46 airplane. 
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Fig. 15 



to ZO 30 >fO S'O 60 

TeK^pirepTruee: > degrees f 


FIGURE 15-- RATIO OFWFTTO DRV \<FNFT>C TErAPERATURE 

RISE AS O0TAIMFD OeSERVATlONS IN STRATUS O-OUDS. 

CURVES ARE FOR. A PRESSURE ALTITUDE OF £000 FEET WHICH 
IS the APPROVIt^ATE AVERAGE ALTITUDE OF THE O0SCEVATION S. 
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FiGuee 16 .- 


DeoP DiAroETEre ^ r^icjaoNS 
VOLUr^NC distributions of drop 0\Pir^ETeR. 
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